Oncogenic BRAF mutations are found in several tumor types, including melanomas and colorectal cancers. Tumors with BRAF mutations have increased mitogen-activated protein kinase pathway activity and heightened sensitivity to BRAF and MEK (mitogen-activated or extracellular signalregulated protein kinase kinase) inhibitors. To identify potential mechanisms of acquired drug resistance, we generated clones resistant to the allosteric MEK inhibitor AZD6244 from two BRAF V600E mutant colorectal cancer cell lines that are highly sensitive to MEK or BRAF inhibition. These AZD6244-resistant (AR) clones, which exhibited cross-resistance to BRAF inhibitors, acquired resistance through amplification of the BRAF gene. A small percentage of treatment-naïve parental cells showed preexisting BRAF amplification. We observed similar amplification in a subset of cells in a BRAF-mutant colorectal cancer. In cell lines, BRAF amplification increased the abundance of phosphorylated MEK and impaired the ability of AZD6244 to inhibit ERK (extracellular signal-regulated kinase) phosphorylation. The ability of AZD6244 to inhibit ERK phosphorylation in AR cells was restored by treatment with a BRAF inhibitor at low concentrations that reduced the abundance of phosphorylated MEK to amounts observed in parental cells. Combined MEK and BRAF inhibition fully overcame resistance to MEK or BRAF inhibitors alone and was also more effective in parental cells compared to treatment with either inhibitor alone. These findings implicate BRAF amplification as a mechanism of resistance to both MEK and BRAF inhibitors and suggest combined MEK and BRAF inhibition as a clinical strategy to overcome, or possibly prevent, this mechanism of resistance.
INTRODUCTION
Mutations in the BRAF proto-oncogene are found in many tumor types, including 40 to 60% of melanomas, 40% of thyroid cancers, and 10 to 20% of colorectal cancers. Most of these mutations encode a substitution of valine at amino acid 600 (V 600 ) in BRAF (1) . The presence of the BRAF V 600 mutation predicts for sensitivity to inhibitors of the kinases MEK (mitogen-activated or extracellular signal-regulated protein kinase kinase) and BRAF in various preclinical models (2, 3) . Consequently, these agents are being actively investigated in clinical trials. Although early trials with these drugs in unselected patient populations produced few responses (4, 5) , recent clinical trials have focused on administering such inhibitors specifically to patients with BRAF-mutant tumors. This approach has yielded favorable response rates with the selective BRAF inhibitor PLX4032 and the allosteric MEK inhibitor GSK1120212 (6, 7) . Other BRAF and MEK inhibitors are currently being developed for this patient population, and promising results are emerging.
Experience with similarly effective targeted therapies indicates that, despite marked initial responses, drug resistance frequently emerges, thereby limiting the clinical benefit of these drugs. Because BRAF and MEK inhibitors are still in early stages of clinical investigation, the small number of patients exposed to these drugs and the limited clinical samples available from these patients make it difficult to establish the mechanisms of resistance that may arise during treatment with these agents. However, pre-clinical modeling of acquired drug resistance has been useful for predicting the resistance mechanisms that emerge in patients receiving targeted cancer therapies, and these findings have led to strategies to overcome resistance that are now being used in the clinic (8) (9) (10) (11) (12) .
In the case of BRAF-mutant tumors, preclinical models have identified two potential mechanisms of resistance to BRAF and MEK inhibitors. Increased CRAF activity was identified in drug-resistant clones derived from the highly sensitive BRAF V600E M14 melanoma cell line treated with the BRAF inhibitor AZ628 (13) . Similarly, point mutations in MEK1 that conferred resistance to the MEK inhibitor AZD6244 were identified in the BRAF V600E A375 melanoma cell line. One of these point mutations was found in a drugresistant focus of disease obtained from a patient with melanoma who had initially achieved stable disease with AZD6244 treatment (12) .
Here, we used two highly sensitive BRAF-mutant colorectal cancer cell lines to model acquired resistance to a MEK inhibitor. We used methodologies that previously identified clinically validated mechanisms of resistance to targeted therapies (8) (9) (10) (11) . In both cell line models studied herein, BRAF gene amplification emerged as a robust mechanism of resistance to AZD6244 and also conferred cross-resistance to BRAF inhibitors. We observed that the signaling changes imparted by BRAF amplification altered the ability of AZD6244 to inhibit MEK-induced phosphorylation of extracellular signal-regulated kinase (ERK). However, we also determined that sensitivity to AZD6244 could be restored by cotreatment with subtherapeutic doses of the BRAF inhibitor AZ628. These studies implicate BRAF gene amplification as a potential mechanism of acquired resistance to MEK and BRAF inhibitors in tumors harboring the BRAF V600E mutation and offer potential therapeutic strategies to restore sensitivity.
RESULTS

AZD6244-resistant clones exhibit hyperactivation of the mitogen-activated protein kinase pathway
To identify potential mechanisms of acquired resistance to MEK inhibitors in BRAF-mutant tumors, we modeled resistance in vitro with two colorectal cancer cell lines, COLO201 and COLO206F. These cell lines harbor the BRAF V600E mutation and are sensitive to BRAF or MEK inhibitors, which decrease cell proliferation and induce apoptosis in these cell lines, leading to a reduction in viable cell titer (fig. S1, A and B). Cells were cultured in increasing concentrations of the allosteric MEK inhibitor AZD6244 until a pool of drug-resistant clones capable of proliferating in 1 μM AZD6244 was obtained for each cell line. The resulting AZD6244-resistant (AR) cells were termed COLO201-AR and COLO206F-AR. AR cells were more than 100 times less sensitive to AZD6244 than their parent lines and were also resistant to three additional MEK inhibitors (Fig. 1A and fig. S1C ). AR cells also demonstrated cross-resistance to the selective BRAF inhibitors AZ628 and PLX4720 (Fig.  1A and fig. S1C ).
To evaluate the mechanism of resistance in each AR model, we assessed differences in signaling between parental and AR cells in response to MEK or BRAF inhibition. Changes in the mitogen-activated protein kinase (MAPK) signaling pathway were similar in both AR models, suggesting that a common resistance mechanism may have arisen in each. Compared to parental cells, basal ERK phosphorylation was increased in AR cells, and the ability of AZD6244 to inhibit ERK phosphorylation was attenuated (Fig. 1B) . Indeed, ERK phosphorylation was detectable even in the presence of 1 μM AZD6244. Accordingly, in AR cells, AZD6244 failed to induce accumulation of the proapoptotic protein BIM (Bcl-2-interacting mediator of cell death), which is negatively regulated by ERK and has been implicated as the primary mediator of apoptosis in response to RAF or MEK inhibition (14) . As expected, AZD6244 failed to induce marked apoptosis in AR cells ( fig. S1B ). The absolute amount of phosphorylated ERK (phospho-ERK) remaining after AZD6244 treatment correlated with BIM induction. For example, treatment of the COLO201-AR cells with 1 μM AZD6244 led to similar amounts of BIM as treatment with 30 nM AZD6244 of the parental cells (Fig. 1B) . These data and the cell survival data suggest that the remaining absolute amount of phospho-ERK may be critical in determining the efficacy of a given dose of AZD6244 in inhibiting cell proliferation and inducing apoptosis.
We observed two potential factors that contributed to maintaining the absolute amount of phospho-ERK in the resistant cells despite treatment with AZD6244. First, the IC 50 (median inhibitory concentration) of AZD6244 for inhibition of ERK phosphorylation was substantially increased in AR cells (Fig. 1, B and D, and fig. S2A ). Second, because the basal abundance of phospho-ERK was higher in AR cells, a greater percent suppression of phospho-ERK was needed to decrease phospho-ERK to the same absolute amount as in parental cells. For example, a 50% reduction in ERK phosphorylation in parental COLO206F cells resulted in absolute amounts of phospho-ERK that were equal to an 87% reduction in the resistant cells ( fig. S2A ).
Basal phosphorylation of MEK was also markedly increased in AR cells, suggesting that signals contributing to the increased basal phosphorylation of ERK in AR cells were originating upstream, or at the level, of MEK (Fig. 1B) . Therefore, we assessed the abundance of BRAF and CRAF, which phosphorylate MEK, and found that BRAF abundance was markedly increased. There was also a modest increase in CRAF abundance. Increased BRAF abundance appeared to be responsible for the hyperphosphorylation of MEK in AR cells, because treatment of AR cells with the BRAF inhibitor AZ628 completely inhibited MEK phosphorylation (Fig. 1C) . The ability of AZ628 to inhibit phosphorylation of MEK by BRAF in AR cells was unaffected, as indicated by the unaltered IC 50 of AZ628 for inhibition of MEK phosphorylation (Fig. 1D and fig. S2A ). However, the ability of AZ628 to inhibit ERK phosphorylation was reduced (Fig. 1, C and D, and fig. S2 , A and B), resulting in an increase in the IC 50 for ERK phosphorylation (Fig. 1D) . Because the basal amounts of phosphorylated MEK (phospho-MEK) in AR cells were more than five times higher than in parental cells, ~100 nM AZ628 is required to reduce phospho-MEK to amounts equivalent to those in the untreated parental cells (fig. S2A) . As with AZD6244, the ability of AZ628 to inhibit cell viability mirrored its impact on the absolute amount of phospho-ERK.
Evaluation of the dose-response relationship between AZ628 and inhibition of the phosphorylation of MEK and ERK suggests that increased activation of MEK likely underlies the resistance to AZ628 observed in the AR cells. For example, in parental cells, 10 nM AZ628 reduced phospho-MEK abundance by ~50% and phospho-ERK abundance bỹ 50%. However, in AR cells, 10 nM AZ628 also reduced phospho-MEK by ~50%, but only reduced phospho-ERK by less than 15% (Fig. 1C and fig. S2B, pink dashed lines) . In fact, to reduce phospho-ERK abundance by 50%, phospho-MEK abundance needed to be reduced by >85% in AR cells ( fig. S2B, blue dashed lines) . This observation suggests that in AR cells, increased BRAF abundance causes an excess of activated (phosphorylated) MEK, and substantially greater MEK inhibition (either directly by a MEK inhibitor, or indirectly by reducing the phosphorylation of MEK by a BRAF inhibitor) is required before leading to a decrease in ERK phosphorylation. This suggests that the amount of activated MEK is in excess of what is required for near-maximal ERK phosphorylation. Of note, this excess of activated MEK probably also contributes to the decreased effect of AZD6244 on ERK phosphorylation in the resistant cells (Fig. 1, B and D, and fig. S2A ).
The BRAF gene is amplified in AR cells
Because BRAF abundance was increased in the AR cells, we evaluated whether the BRAF gene was amplified. Fluorescence in situ hybridization (FISH) analysis showed a marked increase in BRAF gene copies in COLO201-AR and COLO206F-AR cells, relative to their respective parental cells ( Fig. 2A) . BRAF gene amplification was evident in 98 and 86% of COLO201-AR and COLO206F-AR cells, respectively, demonstrating that this molecular event is present in nearly all resistant cells. In contrast, there was no increase in CRAF gene copy number in AR cells, suggesting that the modest increases in CRAF abundance observed in AR cells reflected a distinct mechanism ( fig. S3 ). To confirm and further quantify the degree of BRAF amplification, we performed quantitative polymerase chain reaction (PCR) from genomic DNA. This revealed that BRAF copy number was five to seven times greater in AR cells relative to parental cells (Fig. 2B) . BRAF copy number was determined to be ~20 to 25 in COLO201-AR cells and ~10 to 15 in COLO206F cells. Quantitative PCR did not demonstrate an increase in CRAF DNA in AR cells, in agreement with the FISH data. Sequencing of parental and AR cells did not reveal any MEK1 mutations or new BRAF exon 15 mutations, but sequencing chromatograms showed that the peak height ratio of the mutant allele to the wild-type allele was greatly increased in the AR cells, suggesting selective amplification of the mutant BRAF allele (Fig. 2C) .
Notably, in both parental cell lines, occasional cells showed amplification of BRAF, suggesting that AR cells might arise by expansion of clones with preexisting amplification of BRAF (Fig. 2D ). These cells represented 4% of COLO201 cells and 3.5% of COLO206F cells. We also evaluated 11 human colorectal cancer specimens known to harbor BRAF V600E mutations by FISH to determine whether similar populations of cells with preexisting BRAF amplification might exist in human tumors. In one tumor, we found that 28% of cells had substantial BRAF gene amplification ( Fig. 2E and table S1 ). In this tumor, 10% of tumor cells had a BRAF copy number of 10 or greater, which is similar to the BRAF copy number found in AR cells, implying that these clones would likely be resistant to MEK or BRAF inhibitor therapy. This finding confirms that BRAF amplification occurs in human tumors harboring V600E mutations and supports the notion that BRAF amplification may exist before treatment in patients and has the potential to be a mechanism for either de novo resistance or acquired resistance to MEK or BRAF inhibitors.
To determine whether increased BRAF abundance is sufficient to cause resistance to MEK inhibitors, we overexpressed either wild-type or mutant V600E BRAF in parental COLO201 cells. Similar to the AR cells, the COLO201 cells overexpressing V600E BRAF had increased amounts of phospho-MEK and demonstrated resistance to the effects of AZD6244 on viable cell titer (Fig. 3, A and B) . Overexpression of V600E BRAF in a BRAF-mutated melanoma cell line, WM164, also led to increased phospho-MEK and resistance to MEK inhibitors (Fig. 3, C and D) . This suggests that BRAF amplification could potentially lead to MEK inhibitor resistance in other BRAF-mutant cell lines and other tumor types. In contrast, overexpression of wild-type BRAF did not increase MEK phosphorylation or decrease sensitivity to MEK inhibition, consistent with the observation that AR cells specifically amplify the mutant BRAF allele (Fig. 2C) . In fact, overexpression of wild-type BRAF appeared to modestly reduce phospho-MEK abundance, suggesting the possibility that the presence of large amounts of wild-type BRAF may interfere with the function of mutant BRAF.
To test whether the marked amplification of BRAF observed in AR cells was responsible for the resistance to MEK inhibition we observed in these cells, we examined the consequences of BRAF-targeted short hairpin RNAs (shRNAs) in COLO201 and COLO201-AR cells.
Both BRAF shRNAs tested led to a significant decrease in MEK phosphorylation (P < 0.001) in both COLO201 and COLO201-AR cells (Fig. 3E) , suggesting that the increased MEK phosphorylation in AR cells is caused primarily by the amplified BRAF. As expected, parental COLO201 cells were highly BRAF-dependent, exhibiting a substantial reduction in viable cell number when treated with either BRAF shRNA (Fig. 3F) . Similarly, BRAF knockdown reduced the titer of viable COLO201-AR cells, confirming that COLO201-AR cells indeed remain dependent on BRAF signaling. HCT116, a KRAS mutant colorectal cancer cell line that exhibits only modest sensitivity to BRAF and MEK inhibition, was used as a control for off-target toxicity of the shRNAs. As anticipated, only modest reductions in viable cell number were observed when this cell line was treated with the BRAF shRNAs.
BRAF knockdown restored the sensitivity of COLO201-AR cells to AZD6244 so that their sensitivity was comparable to that of parental COLO201 cells [infected with control short hairpin green fluorescent protein (shGFP) only] (Fig. 3G ). In contrast, CRAF knockdown did not reduce the amount of phospho-MEK ( Fig. 3H ) and did not markedly reduce the viable cell number of parental or AR cells (Fig. 3I) . One CRAF shRNA (shCRAF2) caused a reduction in viable cell titer in AR cells that was significant when compared to the effect of shCRAF2 in HCT116 cells. However, the magnitude of this reduction was small when compared to the effect of BRAF shRNA (84% reduction with shBRAF2 versus 37% reduction with shCRAF2; P < 0.001). Likewise, CRAF knockdown did not significantly increase the sensitivity of AR cells to AZD6244, suggesting that the slight increase in CRAF abundance seen in AR cells does not substantially contribute to MEK inhibitor resistance ( Fig. 3J ) Knockdown of BRAF, but not CRAF, also restored the ability of AZD6244 to decrease ERK phosphorylation and to induce BIM in AR cells ( fig. S4 ). These results suggest that decreasing BRAF abundance and MEK activation so that they are comparable to those in the parental cells overcomes the resistance of AR cells to AZD6244.
Co-inhibition of BRAF and MEK restores sensitivity to AR cells
Because amplification of mutant BRAF in AR cells caused hyperactivation of MEK and resistance to AZD6244, we hypothesized that inhibiting excess BRAF activity might restore sensitivity to AZD6244. To test this hypothesis, we treated parental and AR cells with increasing concentrations of AZD6244 or the BRAF inhibitor AZ628, alone or in combination. Although AR cells were resistant to treatment with either compound alone, they were highly sensitive to the combination (Fig. 4A) . In fact, the IC 50 s for the combination treatment in AR cells were similar to the IC 50 s of either inhibitor alone in parental cells. Moreover, parental COLO201 cells engineered to overexpress V600E BRAF were resistant to AZD6244 and AZ628, but were sensitive to the combination ( fig. S5 ). The combination of AZD6244 and AZ628 also inhibited the parental cell lines more potently than did either treatment alone (Fig. 4A) , suggesting that combinatorial targeting of the MAPK pathway may be an advantageous strategy in BRAF-mutant tumors, even in the absence of BRAF gene amplification.
Combined MEK and BRAF inhibition also more potently decreased ERK phosphorylation in parental and AR cells (Fig. 4B) , and again, a strong correlation between BIM induction and the absolute amount of phospho-ERK was observed. Consistent with these findings, we observed that the combination of AZD6244 and AZ628 enhanced the apoptotic response in parental and AR cells (Fig. 4C) . At a concentration of 100 nM, either AZD6244 or AZ628 alone was sufficient to cause marked apoptosis in COLO201 cells. In contrast, at this same concentration, neither AZD6244 nor AZ628 alone caused a substantial increase in apoptosis in COLO201-AR cells. However, when these agents were combined at 100 nM each, we observed an increase in apoptosis in the AR cells that was equivalent to that induced by either agent alone in parental COLO201 cells. Similarly, in parental COLO201 cells, the combination of AZD6244 and AZ628 induced considerably more apoptosis than equal concentrations of either agent alone. In fact, the combination of 10 nM AZD6244 and 10 nM AZ628 induced nearly as much apoptosis as 100 nM of either agent alone. Collectively, these findings suggest that the combination of BRAF and MEK inhibition can not only overcome the resistance caused by BRAF amplification but also potentially enhance antitumor efficacy against BRAF-mutant tumors in general and allow for lower effective doses of each drug, regardless of BRAF amplification status.
Modulation of BRAF activity can alter the ability of AZD6244 to inhibit ERK phosphorylation
The IC 50 of AZD6244 for inhibition of ERK phosphorylation was markedly increased in AR cells relative to parental cells (Fig. 1D and fig. S2A ). Because combined inhibition of BRAF and MEK overcame the resistance of AR cells to either MEK or BRAF inhibitor alone, we tested whether inhibition of BRAF could restore the dose-response relationship between AZD6244 and inhibition of ERK phosphorylation in AR cells. We hypothesized that if the increased IC 50 of AZD6244 for inhibition of ERK phosphorylation is due to increased MEK activation, it might be reversed in the presence of a concentration of BRAF inhibitor sufficient to decrease phospho-MEK to levels equivalent to those in parental cells. We used 100 nM AZ628, which reduced phospho-MEK abundance in COLO201-AR cells, so that it was comparable to the amount of basal phospho-MEK in COLO201 cells (Fig. 1C and fig.  S2A ). In COLO201-AR cells treated with 100 nM AZ628, phosphorylation of MEK and ERK was similar to that in untreated parental COLO201 cells (Fig. 4D) . At this concentration, AZ628 completely restored the ability of AZD6244 to inhibit ERK phosphorylation in AR cells (Fig. 4E) . Indeed, 100 nM AZ628 decreased the IC 50 of AZD6244 for ERK phosphorylation in COLO201-AR cells by >100 times, so that the IC 50 s of AZD6244 for ERK phosphorylation in AZ628-treated COLO201-AR cells and parental COLO201 cells were virtually identical (Fig. 4F) . These results show that increasing or decreasing BRAF activity (and consequently, phosphorylation and activation of MEK) can lead to a decrease or increase, respectively, in the ability of AZD6244 to inhibit MEKmediated phosphorylation of ERK. By affecting the ability of AZD6244 to inhibit ERK phosphorylation, inhibition of BRAF activity and MEK activation can therefore critically enhance the antitumor efficacy of AZD6244.
We also evaluated the effect of AZ628 co-treatment on the capacity of AZD6244 to inhibit ERK phosphorylation in parental cells ( fig. S6 ). Although no substantial change in the IC 50 of AZD6244 was noted in the presence of AZ628 (fig. S6, B and C) , the reduction in the absolute amount of ERK phosphorylation was much greater at a given concentration of AZD6244 ( fig. S6, B and D) . Therefore, enhanced inhibition of ERK phosphorylation likely underlies the increased potency with which the combination treatment inhibits cell viability in parental cells.
DISCUSSION
The administration of targeted therapies to patients whose cancers harbor specific genetic abnormalities has shown considerable promise (15) . However, these therapies have frequently been limited by the eventual emergence of drug resistance. Because targeted therapies directed against BRAF-mutant tumors, such as BRAF and MEK inhibitors, have only recently entered clinical testing, there is minimal experience and limited clinical specimens from which to ascertain the major mechanisms of resistance that will arise in patients treated with these agents. Therefore, preclinical models can provide valuable tools to predict likely mechanisms of resistance to these agents and to guide clinical investigation so that the mechanisms of drug resistance that emerge in the clinic can be more efficiently identified, understood, and eventually overcome. Through in vitro modeling of drug resistance, we have identified BRAF gene amplification as a potential mechanism of acquired resistance to MEK inhibitors in tumors harboring the BRAF V600E mutation. Furthermore, BRAF amplification also caused cross-resistance to selective BRAF inhibitors, raising the possibility that patients receiving BRAF inhibitors might also develop this potential resistance mechanism.
Intriguingly, in parental cell populations, occasional cells with preexisting low degrees of BRAF amplification were noted. It is possible that these cells might have a selective advantage in the presence of MEK inhibitor and may serve as the founder cells for the eventual drug-resistant clones with high degrees of BRAF amplification that emerge after extended exposure to drug. Patients with EGFR (epidermal growth factor receptor)-mutated lung cancers who exhibit rare cells (often <1%) with preexisting MET amplification in their pretreatment biopsies are more likely to develop MET gene amplification as the eventual resistance mechanism to EGFR-directed therapy with erlotinib than patients without any detectable cells with preexisting MET amplification (16) . Similarly, evaluation of pretreatment biopsies of patientswith BRAF-mutant tumors might reveal those patients who are likely to develop BRAF amplification in response to MEK inhibitor therapy. Alternatively, the presence of more widespread gains in BRAF gene copy number at the time of diagnosis might identify a population of patients who are less likely to have a meaningful response to single-agent MEK or BRAF inhibitor and who may benefit from an alternative treatment regimen, such as a MEK and BRAF inhibitor combination.
The prevalence of BRAF copy number gains in tumors harboring the BRAF V600E mutation has not been extensively studied, but studies have identified BRAF copy number gains in human tumors, including melanoma and colorectal cancer (17, 18) . We identified BRAF amplification as the primary resistance mechanism in both the COLO201 and the COLO206F models, suggesting that it may prove to be a common mode of resistance among BRAF-mutant tumors treated with this drug class. However, although COLO201 and COLO206F are independently established cell lines, they did originate from the same patient (19) . Thus, we examined BRAF-mutated human colorectal cancer and identified BRAF amplification in 1 of 11 BRAF-mutated colorectal cancers evaluated by FISH. Twenty-eight percent of cells displayed BRAF amplification, and 10% of cells displayed amplification of 10 or more copies, similar to that seen in the AR cell lines. It is therefore likely that these tumor cells would be resistant to MEK or BRAF inhibitor therapy. Although we did not detect clones with preexisting BRAF amplification in the other 10 tumors examined, our methods would have failed to detect amplification events present in less than ~2% of cells.
Thus, it is possible that this cohort may have included additional cancers with a small proportion of cells harboring BRAF amplification. Our results suggest that evaluation of BRAF copy number in patients participating in clinical trials of BRAF or MEK inhibitors might provide useful information to help predict patient response to therapy, although sensitive techniques capable of detecting small numbers of cells with preexisting amplification might be required.
Mechanisms of acquired drug resistance to targeted therapies commonly involve either mutations or amplifications of the drug target itself or changes unrelated to the drug target that activate parallel or downstream signaling pathways to circumvent the activity of the drug. For example, the T790M mutation in EGFR causes resistance to erlotinib, and point mutations in or amplifications of the BCR-ABL gene can produce resistance to imatinib (20) (21) (22) . Similarly, a mutation in the MEK1 gene was recently identified in an AR disease focus of a patient with BRAF V600E mutant melanoma (12) . Activation of parallel signaling pathways such as METand the insulin-like growth factor signaling axis can cause resistance to EGFR-directed therapies (10, 16, 23) . Likewise, increased CRAF activity can cause resistance to BRAF inhibitors in BRAF-mutant cancer cells (13) . However, the mechanism of resistance to MEK inhibition identified in this study is unusual in that it involves amplification of an upstream signaling component (BRAF) that leads to hyperactivation of the drug target itself (MEK) and thereby reduces the ability of AZD6244 to inhibit MEK-mediated ERK phosphorylation. It is interesting that BRAF amplification is ultimately able to achieve the same effect as a MEK point mutation (12) , as each decreases the ability of AZD6244 to inhibit its target. Indeed, both BRAF amplification and the P124 MEK1 mutation identified by Emery et al. led to an ~10-to 100-fold increase in the amount of MEK inhibitor required for inhibition of ERK phosphorylation (12) .
BRAF amplification appears to cause resistance to MEK and BRAF inhibitors through an excess of activated MEK, which has two important consequences: (i) an increase in the IC 50 for inhibition of ERK phosphorylation and (ii) an increase in the basal amount of phospho-ERK. Furthermore, the studies with the BRAF inhibitor suggest that MEK is activated in the resistant cells in far excess of that needed for maximal ERK phosphorylation. For example, in AR cells, 10 nM AZ628 reduced the amount of phospho-MEK by ~50% but reduced phospho-ERK by less than 15% (fig. S2B ). The effectiveness of the MEK inhibitors correlated with the reduction of absolute phospho-ERK, indicating that BRAF amplification and MEK hyperactivation conspire to maintain increased ERK activation in the presence of AZD6244 and produce a shift in the IC 50 for cell viability that is substantially larger than the shift in the IC 50 for inhibition of ERK phosphorylation alone.
Additional mechanisms may contribute to the shift of the IC 50 of AZD6244 for inhibition of ERK phosphorylation in the resistant cells (Fig. 1D and fig. S2A ). For example, it is possible that AZD6244 has a lower affinity for activated MEK than it does for inactive MEK. AZD6244 is an allosteric inhibitor that binds to a pocket adjacent to the activation loop of MEK, and it functions by binding and stabilizing the closed, inactive conformation of the enzyme (24) . In the presence of BRAF amplification and the resulting MEK hyperactivation, if there is a large excess of activated MEK and relatively little MEK in the "preferred" inactive conformation, the ability of AZD6244 to bind to MEK may be decreased. Overcoming this decreased binding affinity for its target would require a higher concentration of drug to effectively bind and inhibit MEK, potentially accounting for the large increase in the IC 50 of AZD6244 for the inhibition of MEK-mediated ERK phosphorylation in AR cells. In this scenario, when AR cells are co-treated with AZ628 and the fraction of inactive MEK increases, the proportion of MEK with high affinity for AZD6244 would be restored, and the dose-response relationship with ERK phosphorylation would shift to the left toward that of the parental cells, as was observed (Fig. 4, E and F) .
It is intriguing to speculate that BRAF amplification is not the only change that could lead to hyperactivation of MEK and decreased potency of MEK and BRAF inhibitors. It is possible that excessive upstream input from CRAF, RAS proteins, or even receptor tyrosine kinases could similarly decrease the potency of MEK and BRAF inhibitors in BRAF wild-type tumors if sufficient MEK hyperactivation is achieved. Indeed, although an increase in basal phospho-MEK, such as seen with the BRAF V600E mutation, can be a marker for cells susceptible to MEK inhibition, it is possible that excessive phospho-MEK could paradoxically lead to decreased sensitivity.
Finally, our results provide a rationale for the investigational use of BRAF and MEK inhibitor combinations in patients with BRAF-mutant tumors. First, combination treatment with MEK and BRAF inhibitors may be useful in preventing emergence of resistance or in overcoming resistance to therapies targeting RAF or MEK. All three reported mechanisms of acquired resistance to MEK or BRAF inhibitors retain sensitivity to the combination of MEK and BRAF inhibition. MEK1 mutants retain sensitivity to the combination despite causing resistance to each drug individually (12) . BRAF-mutant cancer cells associated with increased CRAF activity retain some sensitivity to MEK inhibition, although at reduced potency (13) . Similarly, we show here that tumors with acquired amplification of BRAF V600E are as sensitive to combined MEK and BRAF inhibition as their treatment-naïve parental cells are to each drug individually. Therefore, combinatorial targeting of the RAF-MEK pathway may help to overcome or prevent these resistance mechanisms. Second, even in treatment-naïve parental cells, combined MEK and BRAF inhibition was about five times more potent than either agent alone (Fig. 4A) . We found that this combination did not substantially change the IC 50 for ERK phosphorylation in parental cells as it did for AR cells. However, it did markedly increase the degree of absolute inhibition of ERK phosphorylation achieved at a given dose of the combination compared to the same concentration of either drug alone. Of course, the combination of two drugs does have the potential to increase toxicity, but because the combination required substantially lower doses of each drug, it is possible that this approach could actually decrease toxicity. Lower concentrations of each drug needed for combination therapy could potentially reduce offtarget toxicities of these agents, although there may be little difference in the on-target toxicity due to RAF-MEK pathway inhibition. Moreover, the lower concentrations of each drug required for the combination may be easier to achieve in patients. Therefore, we believe that combination therapy with MEK and BRAF inhibitors for tumors harboring BRAF V600E mutations presents an attractive strategy for clinical investigation.
MATERIALS AND METHODS
Cell lines, reagents, and patient samples
COLO201 and HCT116 cells were obtained from the American Type Culture Collection. COLO206F cells were obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH). WM164 cells were obtained from the Massachusetts General Hospital Center for Molecular Therapeutics. COLO201 and COLO206F were maintained and assayed in RPMI 1640 (Gibco) with 5% fetal bovine serum (FBS). HCT116 and WM164 cells were maintained and assayed in Dulbecco's modified Eagle's medium (DMEM)/F12 (Gibco) with 5% FBS. AZD6244 was purchased from Otava Chemicals. AZ628 was provided by AstraZeneca. PD0325901, CI-1040, U0126, and PLX4720 were purchased from Selleck Chemicals. All compounds were dissolved in dimethyl sulfoxide. Human colorectal cancer specimens were obtained from the Massachusetts General Hospital under institutional review board-approved studies. All patients provided written, informed consent. BRAF mutation status was determined by the Massachusetts General Hospital Clinical Laboratory and Department of Pathology.
Generation of AR clones
COLO201 and COLO206F cells were seeded at ~70% confluence in 10-cm plates in RPMI 1640 with 5% FBS. AZD6244 was added at a starting concentration of 10 nM, and cells were maintained in fresh drug-containing medium changed every ~72 hours. Cells were passaged once they reached ~70% confluence. After every two passages at a given concentration of drug, the concentration of AZD6244 was increased in half-log intervals until a final concentration of 1 μM was achieved. The resulting AR pooled clones were termed COLO201-AR and COLO206F-AR and were maintained in RPMI with 5% FBS containing 1 μM AZD6244.
Determination of viable cell titer
Cells were seeded at 2000 cells per well of a 96-well plate. After overnight incubation, the cells were treated in triplicate with serial dilutions of each drug for 72 hours. Viable cell titer relative to untreated cells was determined with CellTiter-Glo assay (Promega) according to the manufacturer's protocol and read on a Centro LB 960 microplate luminometer (Berthold Technologies). The CellTiter-Glo assay measures the titer of live, metabolically active cells in culture by quantification of the amount of adenosine 5′-triphosphate (ATP) present. This system has been widely used previously to assess the response of cancer cell lines to therapeutics, including BRAF-mutant cell lines treated with MEK and BRAF inhibitors (12, (25) (26) (27) .
Annexin V apoptosis assays
Cells were seeded at ~30 to 40% confluence in 6-cm plates. After overnight incubation, the medium was aspirated and replaced with medium with or without various concentrations of indicated drugs. After 72 hours, the medium was collected. Cells were washed with phosphate-buffered saline (PBS) and trypsinized. PBS wash and trypsinized cells were added to the collected medium in a single tube. Cells were pelleted, washed once with PBS, and resuspended in Annexin binding buffer (BD Biosciences) at ~1 × 10 6 cells/ml. Cells were stained with propidium iodide (BD Biosciences) and Annexin V Cy5 (BioVision) according to the manufacturer's protocol and assayed on an LSRII flow cytometer (BD Biosciences).
Western blot analysis and quantification of chemiluminescent signal intensity
Western blotting was performed with standard methods. After 24 hours of treatment with indicated drugs, cells were washed with cold PBS and lysed in the following lysis buffer: 20 mM tris (pH 7.4), 150 mM NaCl, 1% NP-40, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 5 mM sodium pyrophosphate, 50 mM NaF, 10 nM β-glycerophosphate, 1 mM sodium vanadate, 0.5 mM dithiothreitol, leupeptin (4 μg/ml), pepstatin (4 μg/ml), aprotinin (4 μg/ ml), and 1 mM phenylmethylsulfonyl fluoride. Lysates were centrifuged at 16,000g for 5 min at 4°C. Protein concentrations were determined by BCA assay (Thermo Scientific). Proteins were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Hybond-P, Amersham). Immunoblotting was performed per the antibody manufacturer's specifications. Antibodies to phospho-ERK1/2, total ERK1/2, phospho-MEK1/2, total MEK1/2, and BIM were purchased from Cell Signaling. Antibodies to BRAF and CRAF were purchased from Santa Cruz Biotechnology. Antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was purchased from Chemicon. Chemiluminescence was detected with the Syngene G:Box camera (Synoptics), and chemiluminescent signal intensity was quantified with Syngene Genetools software (Synoptics). All measurements were performed in the linear range without saturation and were normalized to GAPDH loading control.
Isolation of genomic DNA and DNA sequencing
Genomic DNA was isolated from pelleted cells with a DNeasy kit (QIAGEN) according to the manufacturer's protocol. Exon 15 of BRAF and exons 3 and 6 of MEK1 were PCRamplified from genomic DNA and sequenced bi-directionally by Sanger dideoxynucleotide sequencing with the following primers: BRAF, forward 5′-TCATAATGCTTGCTCTGATAGGA-3′, reverse 5′-CTTTCTAGTAACTCAGCAGC-3′; MEK1 exon 3, forward 5′-CTTTCATCCCTTCCTCCCTC-3′,reverse5′-CACCTCCCAGACCAAAGATTAG-3′; and MEK1 exon 6, forward 5′-CTTCTCTTCCCCAATCTACCTGTG-3′, reverse 5′-CCTACCCAGCACAAGACTCTG-3′.
Quantitative PCR
Quantitative PCRs were carried out in quadruplicate in 50-μl reactions containing 50 μg of genomic DNA with SYBR green master mix (Roche Diagnostics). Quantitative measurements were performed with a LightCycler 480 (Roche Diagnostics) under the following cycling conditions: 95°C for 10 min, followed by 35 cycles of 95°C for 15 s, 55°C for 60 s, and 72°C for 30 s. LINE-1 (long interspersed nuclear element 1) elements were used as a normalization control for DNA content. Copy number was calculated as previously described (17) with a standard curve of normal female genomic DNA (Promega). The following primers were used at a final concentration of 0.3 μM: LINE-1, forward 5′-AAAGCCGCTCAACTACATGG-3′, reverse 5′-TGCTTTGAATGCGTCCCAGAG-3′; BRAF, forward 5′-CAAGTCACCACAAAAACCTATCGT-3′, reverse 5′-AACTGACTCACCACTGTCCTCTGTT-3′; and CRAF, forward 5′-CAACTGATTGCACTGACTGCCAAC-3′, reverse 5′-CCAGCTTTCTACTCACCGCACAAC-3′.
Fluorescence in situ hybridization
Trypsinized cells were pelleted and fixed in 3:1 methanol/acetic acid, and FISH staining for BRAF and CRAF was performed as previously described (13) . Cells were considered to have BRAF gene amplification if they had six or more copies of BRAF in addition to a BRAF-to-chromosome 7 ratio of 1.5 or greater. Quantification of gene copy number was based on individual cell counts of 200 cells for cell line experiments and 50 cells for human tumors.
Lentiviral shRNA experiments
shRNA constructs in the pLKO.1 lentiviral vector containing the following targeting sequences were used: shGFP, 5′-GCAAGCTGACCCTGAAGTTCAT-3′; shBRAF1, 5′-GCAGATGAAGATCATCGAAAT-3′; shBRAF2, 5′-CAGCAGTTACAAGCCTTCAAA-3′; shCRAF1, 5′-CATGAGTATTTAGAGGAAGTA-3′; and shCRAF2, 5′-GCTTCCTTATTCTCACATCAA-3′. Lentiviral particles were generated and target cells were infected as described previously (28) . The day before infection, COLO201 and COLO201-AR cells were seeded in 96-well plates in triplicate at 2000 cells per well for cell viability assays and in 6-well plates at 3 × 10 5 cells per well for Western blot analysis. HCT116 cells were seeded in 96-well plates in triplicate at 1500 cells per well. The morning after infection, cells were treated with puromycin (2 μg/ml) for 48 to 72 hours to eliminate uninfected cells. Medium without puromycin containing the indicated concentrations of drug was then added for 72 hours for cell viability assays or 24 hours for Western blot analysis.
BRAF expression constructs
Constructs encoding wild-type and V600E mutant BRAF in the pBABE-puro vector were a gift of C. Der and J. Shields, University of North Carolina, Chapel Hill (29) . Constructs were transfected into Phoenix Ampho Cells (Orbigen) according to the manufacturer's protocol. Target cells were seeded in six-well plates at a density of 4 × 10 4 to 12 × 10 4 cells per well the day before infection. Retroviral supernatants were applied to target cells in the presence of polybrene (8 μg/ml), and plates were centrifuged at 32°C and 2250 rpm for 1.5 hours. Medium containing puromycin (2 μg/ml) was added to cells the following morning. After 4 days of puromycin selection, cells were assayed by Western blot or used for cell viability assays.
Determination of IC 50 and statistical analysis
Statistical analyses were performed with a two-tailed Student's t test (Fig. 1D) or analysis of variance (ANOVA) with Bonferroni's post test (Figs. 2 to 4) . Significance was established for P value <0.01. IC 50 and GI 50 (defined as the concentration required to inhibit viable cell titer to 50% of untreated control) determinations were made with GraphPad Prism software.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. fig. S2A ). The statistically significant increases in basal phospho-ERK and phospho-MEK in AR cells relative to parental cells (average of at least three independent measurements) are also shown. *P < 0.01. , and the KRAS mutant HCT116 cell line were infected with the above shRNAs. Cell viability was determined after 5 days of puromycin selection. Viral titers were used that yielded about the same results in the presence or absence of puromycin. *P < 0.001 relative to HCT116 cells infected with corresponding shRNA. (G and J) COLO201 (P) and COLO201-AR (AR) cells infected with the indicated shRNAs were selected in puromycin for 48 hours and then treated with or without 100 nM AZD6244 (AZD) for 72 hours before determination of cell viability. Viable cell titer is shown relative to the untreated control for each shRNA. *P < 0.001 relative to shGFP-infected COLO201-AR cells treated with AZD6244. 
